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A new stable organic radical, 2,3,6-trifluorophenyl nitronyl nitroxide (=2-(2,3,6-trifluorophenyl)-4,4,5,5-
tetramethyl-4,5-dihydro-1H-imidazol-1-oxyl 3-oxide) was synthesized, and its crystal structure and magnetic properties
were examined. The magnetization curve measured at 0.4 K in magnetic field up to 30 T revealed two-step saturation. A
magnetization plateau was observed when the magnetization was one half the value of the saturation magnetization. The
temperature dependence of the product of paramagnetic susceptibility (,,) and temperature (1), xpT (XpT o< e, Square
of the effective magnetic moment) showed stationary behavior in the range 24K at two-thirds the value at room
temperature. The magnetic structure of this material could be elucidated on the basis of magnetization (M) measurements.
Complementary analysis of x,7 and M revealed the formation of magnetic clusters comprising triplet (S = 1) and singlet
(S = 0) species in the ground state. The intradimer interactions were attributed to the special molecular overlaps, as
reported previously. Interdimer interactions were also investigated: the difference in the molecular overlap between the
trifluorophenyl groups was responsible for the difference in the sign of the magnetic coupling. This is the first
experimental evidence for the molecular overlap between the phenyl groups being responsible for the strong magnetic

1447

interactions.

The magnetic properties of organic radical crystals have
been studied extensively in recent decades. More than twenty
organic ferromagnets have been reported since the discovery of
the first organic ferromagnet, B-p-NPNN (Curie temperature,
Te = 0.60K).! Tc is enhanced to 7.0K by BBDTA:GaCly,>
and an organic ferrimagnet® is also developed. Since the spins
in organic radicals are isotropic in nature, networks of low
dimensional antiferromagnetic spin can be used to study the
effects of quantum fluctuation. Frustrated spin system such as
the Kagome lattice* and spin-gapped systems with a magnet-
ization plateau’ have been developed by using organic radical
crystals. Currently, there is increased focus on the use of
organic radical crystals for the discovery of new magnetic
phenomena. One of the characteristic in organic radicals is the
softness and pressure effect on the magnetic properties of
organic radical crystals has been reported.® Among them,
pentafluorophenyl nitronyl nitroxide (FsPNN) shows a peculiar
magnetic behavior.” While this compound has a uniform chain
structure at room temperature, its low-temperature magnetism
is well described by the antiferromagnetic alternating chain
model,”* and the low-energy excitation is related to the
Tomonaga—Luttinger liquid.”® The lattice distortion occurring
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at temperatures below 5K suggests the presence of strong
coupling between the phonon and magnetic exchange cou-
pling.”® The magnetic properties of FsPNN are very sensitive to
external pressures and are affected even by the stress coated by
grease.”d The recent study suggests the additional exchange
coupling to the chain structure, which induces incommensurate
spin correlation in magnetic fields.”® A fluorine atom is small
but rich in electrons and hence, there is very strong electrostatic
repulsion between the five fluorine atoms in FsPNN. For this
reason, the molecular packing in FsPNN is markedly different
from that in other phenyl nitronyl nitroxides. To gain an insight
into the magnetic interactions in FsPNN, it is necessary to
understand the relation between the molecular packing and the
magnetic exchange coupling in fluorinated phenyl nitronyl
nitroxide derivatives.

In this manuscript, we describe the crystal structure and
magnetic properties of a new stable nitronyl nitroxide, 2-(2,3,6-
trifluorophenyl)-4,4,5,5-tetramethyl-4,5-dihydro- 1 H-imidazol-
1-oxyl 3-oxide (trivial name: 2,3,6-trifluorophenyl nitronyl
nitroxide; abbreviation: 2,3,6-F;PNN). We observed the sta-
tionary behavior of the product of the paramagnetic suscepti-
bility (xp) and temperature (T), x,T (¢ fheii?, square of the
effective magnetic moment) and magnetization (M). The
stationary values are seemingly curious but the complemen-
tary analysis of x,7 and M revealed the formation of magnetic
clusters in this compound. We developed a magnetic model of
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2,3,6-FsPNN on the basis of the crystal structure of this
compound. While previous studies have helped in gaining a
partial understanding of the molecular arrangement respon-
sible for the magnetic exchange coupling in phenyl nitronyl
nitroxide derivatives, we report for the first time importance of
the overlap between the phenyl groups in the magnetic
exchange coupling.

Experimental

Preparation. The 2,3,6-F;PNN radical was synthesized by
following the method described in the literatures® and purified
by recrystallization from concentrated solutions. Single crystals
were grown by slow evaporation of a concentrated solution of
Et,0-hexane. HRMS (FAB, pos) Calcd for C;3H;sF3N,0;:
[M + H]", 288.1086. Found: m/z = 288.1057. Anal. Calcd for
Ci3H14F3N,0,: C, 54.36; H, 4.91; N, 9.75%. Found: C, 54.46;
H, 4.78; N, 9.70%.

X-ray Crystal Structure Analysis. Intensity data for
structural analysis were collected using a Rigaku RAXIS Rapid
diffractometer equipped with an imaging-plate detector. The
frame data were processed using the Rigaku PROCESS-AUTO
program,” and the reflection data were corrected for absorption
by using the ABSCOR program.'? The structures were solved
by direct method (SHELXL-97'") and refined by the full-matrix
least-squares techniques using the SHELXL-97'! program.
Structure refinement was carried out using anisotropic and
isotropic thermal parameters for the non-hydrogen atoms and for
hydrogen atoms, respectively. The positions of all the hydrogen
atoms were placed at the calculated ideal positions. Crystallo-
graphic parameters are summarized in Table 1. Crystallographic
data have been deposited with Cambridge Crystallographic Data
Centre: Deposition numbers CCDC-791375. Copies of the data
can be obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge, CB2 1EZ, U.K.; Fax:
+44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Table 1. Crystallographic Data for 2,3,6-F;PNN

Formula C13H14N202F3
FW 287.26
Crystal system Triclinic
Space group P1

a/A 10.630(6)
b/A 11.062(5)
c/A 13.136(8)
o/ 97.10(3)
B/° 92.45(3)
X/° 115.94(2)
V/A3 1370.3(13)
VA 4
dealea/gem™ 1.392
Temperature RT
Radiation Mo Ko (4 =0.71075 A)
Unique reflections 6206

No. of reflections 4562

No. of parameters 437

Ry (I > 20(D) 0.0511
wR, (I > 20(])) 0.1001
GOF 0.913
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Magnetic Measurements. Static magnetic measurements
were made using a Quantum Design MPMS superconducting
quantum interference device (SQUID) magnetometer equipped
with an Iquantum i/Helium3 system: measurements were
performed in the temperature (7) range 0.5-300K and static
magnetic field (B) of up to 5T. The diamagnetic contribution
was subtracted from the overall magnetization signal by using
Pascal’s law.

In addition, magnetization measurements were performed in
pulsed magnetic fields where B was up to 30T and 7= 04K,
by using the standard inductive method; a *He cryostat was
used.”> A pulsed magnetic field with nearly sinusoidal shape
was generated with a time duration of 20ms by a 90kJ
capacitor bank. Magnetization (M) was obtained by the
integration of its first derivative to time (¢) dM/d¢ observed.

Results

Crystal Structure. The 2,3,6-F;PNN crystals belong to a
triclinic system, space group PI. There are two crystallogra-
phycally independent molecules (A and B). There is no marked
difference in the bond length and bond angles between the A-
and B-molecules, but the dihedral angles (6) between the best
planes of the ONCNO radical moiety and the trifluorophenyl
group of A- and B-molecules are different, i.e., 71 and 64°,
respectively. A large 6 (260°) is generally observed in the case
of o-fluorinated phenyl nitronyl nitroxide derivatives;® how-
ever, 6 is found to be as low as about 20° for most phenyl
nitronyl nitroxide derivatives; this is because of the weak
hydrogen bonding between the O atom of the NO group and the
ortho H atom of the phenyl group.? Figure 1 shows the unit cell
of 2,3,6-F;PNN. The values of the short interatomic distances
between the molecules are listed in Table 2. Interatomic
contacts with the methyl group are omitted because their
contribution to the magnetic interactions would be negligible.
Polarized neutron diffraction measurements performed on the
phenyl nitronyl nitroxide derivative revealed that 90% of the
spin density is concentrated on the O-N-C-N-O moiety and
10% on the phenyl ring.!> Each A- and B-molecule has the
inversion symmetry and hence can form dimeric structures. The
dotted and broken lines in the figure represent the shortest
interatomic contact between the dimeric molecules of A and B,
respectively. In the A555-~A666 molecular pair, there exists a
contact between the nitronyl nitroxide groups; the O(2)--O(2)
distance in this case is 3.10A. On the other hand, in the

Figure 1.
ically independent molecules are labeled as A and B.
Dotted and broken lines represent the shortest interatomic
distances between A and B molecules, respectively.

Crystal structure of 2,3,6-F;PNN. Crystallograph-
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Table 2. Short Interatomic Distances between Neighboring
Molecules in 2,3,6-F;PNN

Atom? Atom Distance Atom Atom Distance
(label®)  (label) /A (label) (label) /A

0(2) (Asss) O(2) (Asse) 3.102 C(2) (Asss) O(2) (Aggs) 3.502
O(1) (Asss) C(5) Bess) 3.174  C(4) (Bsss) C(5) (Bess) 3.558
0(2) (Bsss) C(4) (Bgss) 3.247 C(3) (Asss) C(5) (Agss) 3.558
C4) (Asss) O(1) (Agse) 3.354 C(5) (Bsss) C(5) (Bess) 3.592
C(6) (Bsss) C(4) (Bess) 3.381 C(3) (Bsss) C(5) (Bess) 3.600
0(2) (Asss) N(2) (Agss) 3.425

a) F Oz
N2
N;

F F O

Bsss+Bgss molecular pair, there are contacts between the
nitronyl nitroxide and trifluorophenyl groups, and the
0(2)~C(4) distance is 3.25 A, which is doubled as a result of
the inversion symmetry in B.

Figure 2 shows the molecular packing with the short
interatomic contacts listed in Table 2. Figures 2a and 2b show
the molecular packing involving three neighboring molecules
of A and B, respectively, as viewed in the direction
perpendicular to the radical plane. Although the molecular
arrangement between Bsss and Brgs is similar to that between
Asss and Aggs, the NO groups in the former are separated from
each other. Hence the O(1)-~N(1) and O(1)--O(1) distances are
relatively long (3.94 and 4.04 A, respectively). The short
contact between the NO group and the phenyl group (para
position) is also seen between Asss and Agsg, i.c., the
C(4)~O(1) distance is 3.35 A, similar to the case of the
Bsss-Bgss molecular pair, in which the O(2)--C(4) distance is
3.25 A. Figures 2¢ and 2d show the molecular arrangements in
the A555--~A656 and BsssBgss molecular pairs, as viewed in the
direction perpendicular to the phenyl groups, respectively. The
difference in the molecular arrangements between these two
molecular pairs is due to the difference in the way of molecular
overlap between the phenyl groups. The meta C atom of Asss
lies immediately above the one of Agss with the C(3)~C(5)
interatomic distance being 3.56 A. On the other hand, the para
C atom of Bsss lies above the ortho C atom of Bgss, and the
C(4)-C(6) distance is 3.38 A. Further, there is an interatomic
contact between the para C atom and meta C atom, and the
C(4)~C(5) distance is 3.56 A in this case.

An interatomic contact is observed between the nitronyl
nitroxide and trifluorophenyl groups of Asss and Bgss, i.e.,
O(1)-~C(5), and the corresponding interatomic distance is
relatively short (3.17 A). The molecular packing is shown in
Figure 2e.

Magnetic Properties. The temperature dependence of the
product of paramagnetic susceptibility (x,) and temperature
@), xpT (XpT Wi, square of the effective magnetic
moment) is shown in Figure 3a. At room temperature, x,7
is 0.375 emuK mol™!, which agrees well with the theoretically
expected value for 1mol of magnetic species with non-
interacting spin § = 1/2. x,T decreases with a decrease in 7,

b) Symmetry operation for molecule
X (X =A, B) is defined as: Xss5 (x, ),
2), Xeoo (x+1, =y + 1, =z + 1), Xss
(x+1, =y —2), Xesg (x+1, -y,
—z+1).
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Figure 2. Molecular arrangement of neighboring mole-
cules. Each molecule is labeled by the appropriate notation
given in Table 2. (a) Three neighboring molecules of A
viewed in the direction perpendicular to the O-N-C-N-O
plane. (b) Three neighboring molecules of B viewed in the
direction perpendicular to the O-N-C-N-O plane. (c)
Molecular packing of neighboring A-molecules with
contacts between the NO and phenyl groups, as viewed
in the direction perpendicular to the phenyl ring. (d)
Molecular packing of neighboring B-molecules having
the contact between the NO and phenyl groups viewed
along the direction perpendicular to the phenyl ring. (e)
Neighboring molecules of A and B viewed in the direction
perpendicular to the phenyl ring of B-molecule.

remains constant (0.25 emuK mol™') in the range 24K, and
decreases again when T < 1K. The constant x,7 value
observed when 7=2-4K is two-thirds the room-temper-
ature-value.

Magnetization isotherms of 2,3,6-F;PNN were measured by
using a SQUID magnetometer for B values of up to 5T and
T < 6K (inset of Figure 3). At T=0.5K and B>2T, M
remain constant. The observed M value of 2800 emumol™!
corresponds to one-half the full saturation value for 1 mol of
S = 1/2. From this observation, it is evident that one-half of
the molecules in 2,3,6-F;PNN are coupled antiferromagneti-
cally and hence remain in a non-magnetic state (S = 0) even at
S5T.

The stationary values observed in x,7 and magnetization are
seemingly curious. The plot of M versus B/T provides insights
into the magnetic structure of 2,3,6-F;PNN. In Figure 3b, the
observed magnetization curve is compared with the theoretical
curves for non-interacting spins obtained using the relation,

_ (Na/2)
- 2s

where By(x) is the Brillouin function and x = gugSB/kgT. It is
evident that the magnetization curves for 7 < 3K can be well

M,

2ty SBs(0) (1)
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Figure 3. (a) Temperature dependence of x,T of 2,3,6-
F3PNN, as measured for randomly oriented crystals. The
solid curve represents the calculated values (See text).
Inset: Magnetization isotherms of 2,3,6-F;PNN measured
at 0.5 (@), 2 (A), 4 (W), and 6K (#). (b) Magnetization (M)
is plotted as a function of B/T at 0.5 (O), 2 (1), and 3K
(). The broken, solid, and dotted curves represents the
values calculated using the Brillouin function for non-
interacting S = 1/2, S=1, and S = 3/2, respectively.

explained by eq 1, where S = 1. This implies the formation of
a magnetic cluster consisting of two types of spin-pairs
(dimers). One of the spin-pairs is in the triplet state (S; = 1)
and the other is in the singlet state (S, = 0); the former and
latter spin-pairs are formed by the ferromagnetic and anti-
ferromagnetic coupling between two S = 1/2 spins, respec-
tively. If this magnetic cluster is formed, x, should obey
Curie’s law (), = C/T); the Curie constant C is given by

I (Na/4)g” Iy Si(Si + 1)

€= ; 3ks @
where S;=1 and S,=0. The calculated value of C
(=0.25 emu K mol™") agrees well with the observed XpT value
when T is in the range 24 K. The magnetic model that can
explain both of the stationary values in x,T and M in the
aforementioned range is elucidated in Figure 4a. A schematic
of the spin alignment at low 7T is shown in Figure 4b. From this
figure, the formation of 1/4mol of two types of magnetic

Magnetic Clusters in 2,3,6-F;PNN

@ J4 J2
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Figure 4. Magnetic model of 2,3,6-F;PNN. (a) Model
showing two independent dimers corresponding to
Hamiltonian (3). (b) Schematic illustration of spin align-
ment at low temperatures in the model (a), with J; > 0 and
J» < 0. (c) Modified model with interdimer exchange
coupling J," between dimer-2 is taken into account. The
symmetry of the crystal structure suggests the alternating
chain model. Hamiltonian of this magnetic model is
written by eq 7.

species, one with S; = 1 and the other with S, = 0, is evident.
In fact, the crystal structure analysis reveals two types of
dimeric structures. Now, we analyze the behavior of x,7and M
over the entire range of 7 and B considered in this study, by
using the model shown in Figure 4a. The Hamiltonian is given

by

(Na/2)—1 Na—1
H==2J) Y S$i-Sup1—2h Y S-St (3)
i=1 i=Na/2

We assign positive and negative signs of J; and J,, which are
responsible for the formation of S; =1 and S, = 0 species in
the ground state, respectively. The spin pair for the former case
is called as dimer-1 and that for the latter case is called dimer-2.
The temperature dependence of the susceptibility is described
by the contributions of both dimer-1 and dimer-2, each of
which is represented by the formula,

_ (Na/2)g g’ !

i ks T 3 + exp(—2J;/kgT) (=12 @&

The slight decrease in x,T observed at T < 2K suggests the
existence of weak interdimer interactions. In this temperature
regime, X, becomes zero because of the formation of S; =0
and hence, we introduce the weak interdimer interactions by the
mean-field approximation as follows:

X = X1

=T e 5)

where A is the mean-field coefficient and is related to the
interdimer exchange coupling (J;") between dimer-1 and the
number of nearest neighbors (z):

2ZJ1,

== 6
(Na/2)g* ug* ©
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By least square fitting procedure, we obtain the parameter sets
2Ji/kg =163 £0.7K, 2/,/kg = —22.8 £0.3K, and 2zJ,’/
kg = —0.131 & 0.005K, which are well consistent with the
data observed for the entire range of T considered in this study,
as shown by the solid curve in Figure 3a.

The possibility of the existence of the interdimer interactions
(J/2) between dimer-2 is also examined. The symmetry of the
crystal structure suggests that dimer-2 is coupled each other to
form an alternating chain as is shown in Figure 4c. The
Hamiltonian is given by

(Np/2)—1
H=-2]1 Y S-S
i=1
Na—1
- Z {20282 - S2iv1 + 22" Saiq1 - Saiya} (7
i=Na/2

We examined the cases for J,’ > 0 and J,' < 0, where X, (in
eq 5) indicates the magnetic susceptibility in (1) the alternating
chain model with ferromagnetic and antiferromagnetc inter-
actions'* and (2) the antiferromagnetic alternating chain
model,!® respectively. After the least-squares fitting for
J,' > 0, we obtaine the parameter sets 2.J;/kg = 15.0 £ 0.9K,
20 /kg = =223 £ 02K, oy =Jy'/J, = 0.0 £0.02, and 2zJ,"/
kg = —0.138 = 0.004K. The estimated value of J," =0,
indicating that this model is reduced to Hamiltonian (3) and
that the slight difference between the obtained parameters
results from the limitation of the polynomial expression. In the
case of J,' < 0, least-squares-fitting yields the parameter sets
2J1/kg =214+ 09K, 2L/kg=-240+0.1K, ar=J,/
Jr=0.14£0.02, and 2zJ,'/kg=—0.143 £0.004K. The
curve plotted using the calculated parameters is identical to
that obtained for the model based on eq 3, which is shown by
the solid curve in Figure 3a. Thus, we conclude that the
interdimer interactions between dimer-2 should be in the range
0>2J'/kg > —3.4K.

The wvalidity of this magnetic model is confirmed by
analyzing the magnetization curves shown in Figure 5.
Figure 5a shows the B/T dependence of M in the low-field
region. The slope in this case is slightly different from the
theoretical curve obtained on the basis of the Brillouin function
for S = 1. Below 2 K, the slope decreases with a decrease in 7,
whereas above 4K, the slope increases with an increase in 7.
The former phenomenon is attributed to the effect of the weak
antiferromagnetic interdimer interactions between dimer-1,
while the latter is due to the thermal population of the excited
state in dimer-2. We first study the magnetization behavior
below 2 K. The M value of the weakly coupled S = 1 species is
calculated by using the mean-field approximation. For calcu-
lating the Brillouin function, we use effective field B + AM
instead of the applied field B. The values calculated using the
above parameter 2zJ,"/kg = —0.13K are plotted in Figure 5a
(solid curves); the calculated values are in good agreement with
the observed data at 0.5 and 2 K. Next, we discuss the data
observed at 7> 4K. The energy gap (4) between the ground
state (S = 0) and excited state (S = 1) of dimer-2 is expected to
be 4 =2|J;|/kg = 22.8 K. Although dimer-2 is in the non-
magnetic ground state, nonzero magnetization is expected at
T > 4K; this is because of the thermal excitation of dimer-2 to
the excited S =1 state even B is less than 5T. The magnet-
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Figure 5. (a) Plot of magnetization (M) versus B/T in the

low-field region. Data measured at 0.5 (O), 2 ((J), 4 (N)
and 6K (¢) are compared with the calculated values
represented by solid curves (See text). (b) Magnetization
curves measured at 0.4K in a pulsed magnetic field. The
broken, solid, and dotted curves represent the data obtained
at the magnetic fields of up to 4, 15, and 30 T, respectively.
Thin and thick curves correspond to the up and down
sweeps, respectively. Arrows indicate sweep directions. (c)
Whole magnetization curve at 0.4 K. Solid curves are the
data obtained in a pulsed magnetic field up to 30 T and thin
and thick curves correspond to the up and down sweeps,
respectively. Arrows indicate sweep directions. Dotted
curve show the calculated values obtained using Hamil-
tonian (3). The combination of the Brillouin function of
S=1 and the dimer model with intradimer exchange
coupling of 2J,/kg = —23 K is used. Inset: Differential
magnetization curve in the down sweep measured at 0.4 K.
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ization isotherm for the isolated dimers in which two S =1/2
spins are coupled (J;) is calculated by using the following
equation:

ao= Na gl exp(y) — exp(—y)
"2 ST T exp(—2Ji/ksT) + exp(y) — exp(—y)
(®)
where
_ gMUpB
" ksT ©)

The combined contributions of dimer-1 (mentioned above) and
dimer-2, which is obtained by substituting 2./,/kg = —23 K in
eq 8, are shown by the solid curves in Figure 5a; the calculated
data fit the observed data at 4 and 6 K well.

Finally, we describe the magnetization curve measured for B
values of up to 30T, which are achieved by using a pulsed
magnet at 7= 0.4 K. The results are shown in Figures 5b and
Sc. A large hysteresis is observed between the up and down
sweeps of the magnetic field. The low-field data in the different
runs up to 4, 15, and 30 T are shown in Figure 5b. Below 4T,
The effective magnetization does not occur during rapid
sweeping in the up scan, suggesting that the relaxation time
is longer than the sweeping period. In other words, thermal
relaxation is quenched by the fast sweeping pulsed field, which
allows us to observe the nonequilibrium behavior of M. This
effect is well pronounced in the case of the spin system with
weak coupling between the magnetic clusters.'”? In 2,3,6-
F3PNN, the competition between thermal relaxation and fast
changes in B is thought to be the reason for M being smaller
than that at equilibrium in the low-field region, even during the
down sweep; this suggests that the magnetic coupling between
dimer-1 (S = 1) is very weak.

Above 10T, magnetization gradually increases and reaches
full saturation value for 1 mol of S = 1/2 when B exceeds 20 T.
The appearance of this step is evidence for the antiferromag-
netic exchange coupling (J3) in the dimer-2. Figure 5¢ shows
the comparison of the observed data and the calculated data.
The dotted curve represents the values calculated based on the
model of eq 3. The second step observed at 17 T also shows
hysteresis between the up and down sweeps. This is not due
to magnetic anisotropy because this compound is a highly
isotropic spin system and the anisotropy of the g-factor
determined by the electron spin resonance at room temperature
is less than 0.5%. It is certain that interdimer interactions may
cause a broader step in magnetization curve but that cannot
yield such hysteresis. As an origin of the hysteresis, it is
notable that because of the so-called magnetocaloric effect, the
effective temperature of the spin system may differ from the
bath temperature in fast-sweeping pulsed magnetic fields. This
effect is also pronounced in spin systems where the magnetic
clusters are weakly coupled. The slower saturation observed
than that calculated may partly reflect the nonequilibrium
behavior of M. Nevertheless we can estimate the energy
separation between the ground and excited states in dimer-2.
For a clearer representation of the second step, we have
provided the derivative curve of M versus B in the inset of
Figure Sc. The maximum slope of the dM/dB curve is
observed at the crossing point (B.) of the energy levels of the
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ground state (S = 0) and the excited state (S = 1) in dimer-2.
The energy gap (4) between the energy levels is given by

A =2|)y| = gugB. 10)

The derivative curve of dM/dB shows a peak at B, =17.5T,
and the exchange coupling calculated using eq 10 is 2J,/
kg = —23.5K, which is consistent with that estimated from the
XpT analysis (2J,/kg = —22.8 & 0.3 K). Complementary anal-
ysis of x,T and M helps in the accurate elucidation of the
magnetic model; the exchange coupling estimated from the
magnetization curve at low temperature is always slightly
greater than that from temperature dependence of the suscepti-
bility.® This difference is probably due to the lattice contraction
at low T. It is noteworthy that interdimer interactions may
be responsible for the broadening of the second step. The
interdimer interaction between dimer-2 is estimated to be at
most —3.4K (alternating ratio, o =J,'/J, =0.14) by the
analysis of x,7. The theoretical magnetization curve for
T =0 predicts a 30% broadening of the saturation at around
B. when o = 0.2,'° which is consistent with the observations.

Discussion

In this section, we focus on the interrelation between the
magnetic model and the crystal structure. The stationary
behavior means the formation of magnetic clusters. The
saturation ratio of the magnetization versus magnetic fields
demonstrates the formation of S =1 species. The constant
value of M in the range 2-5 T indicates the alignment of only
1/2mol of the S = 1/2 species. Thus, 50% of the molecules in
a unit cell undergo magnetization, and the rest are in non-
magnetic state owing to the strong antiferromagnetic coupling.
This antiferromagnetic coupling is destroyed when B, = 17.5T,
and full saturation is realized above 20T. Magnetization
measurements reveal the formation of 1/4 mol of S = 1 species
by the ferromagnetic coupling between 1/2 mol of the S = 1/2
species and the formation of 1/4 mol of S = 0 species by the
antiferromagnetic coupling between 1/2mol of the S=1/2.
This magnetic model explains the stationary values of M and
XpI. By taking the symmetry in the crystal structure into
account, we state that molecules A and B are responsible for
the formation of dimer-1, in which S =1 in the ground state,
and dimer-2, in which § = 0 in the ground state, or vice versa.
The results of magnetic measurements suggest that the
magnetic interactions between the molecules A and B are
considerably weaker rather than the intradimer interactions of
dimer-1 and dimer-2. This implies that the second shortest
interatomic distance between Asss and Bgss (shown in
Figure 2e) does not make any significant contribution to the
magnetic coupling. The reason for this can be understood by
considering the molecular overlap between the mr-orbitals of
these molecules. The side-by-side contact between the mole-
cules results in smaller degree of overlap than that in the case
of -7 stacking. Hence, dimer-2, in which two S = 1/2 spins
are coupled antiferromagnetically (2J,/kg = —23K) can be
assigned to the AsssAgge molecular pair, which has the
shortest interatomic distance (O(2)-O(2)) 3.10A. The inter-
molecular contact between the NO groups, on which most of
the spin density is concentrated, always yields antiferromag-
netic coupling. The magnitude of the antiferromagnetic
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interactions in this case is consistent with previously reported
values: 2J/kg = —20K for N--O (3.71 A) in 4-trifluoromethyl-
phenyl nitronyl nitroxide.!” Dimer-1, in which two §=1/2
spins are coupled ferromagnetically (2J;/kg = 16K), is as-
signed to the BsssBgss molecular pair, which has the third
shortest contact (O(2)--C(4)), with the interatomic distance
being 3.25A. Ferromagnetic coupling is often observed in
intermolecular arrangements that involve contacts between
the NO and phenyl groups. In (m-MPYNN)'(BF4)O‘72-IOA28-
(Hy0)0.17, where m-MPYNN is m-methylpyridinium nitronyl
nitroxide, ferromagnetic coupling (2J/kg = 22.6K) has been
reported for O--C (3.00A) and O--N (3.19A).*

Next, we consider the weak interdimer interactions between
dimer-1. Analysis of the x,T and M reveals a weak interdimer
exchange coupling (2z/1'/kg = —0.13K). Since dimer-1 has
been identified to be the Bsss—Bgss molecular pair, as described
above, we can find the interdimer contact in Figure 2b.
Interatomic contacts between the NO groups (O(1)--N(1)
(3.94A) and O(1)-O(1) (4.04A)) in Bsss and Brgs are
relatively long. The exchange coupling (2J;"/kg = —0.07K)
obtained when assuming z = 2 is attributable to the magnetic
interactions between Bsss and B7gs. The exact magnetic model
for B-molecules should be an alternating chain according to the
crystal structure, but the estimated alternating ratio is so small
(o = J1’/J; = —0.004) that no analytical calculation is avail-
able'* and the mean-field approximation is appreciable.

Finally, we discuss the interdimer interactions between
dimer-2. As mentioned above, dimer-2 is identified to the
AsssAgge molecular pair and the interdimer exchange cou-
pling (0> 2J,'/kg > —3.4K) is attributable to the contacts
between A555---1_\65(,. As is seen in Figure 2a, the short contact
between the NO and phenyl groups is remarkable in
Asss—Agse; the C(4)--O(1) distance is 3.35 A. This type of
molecular contact is seen in the Bsss~Bgss molecular pair
which is responsible for the ferromagnetic exchange coupling
(2J1/kg = 16K) as dimer-1; the O(2)--C(4) distance is 3.25 A
between the NO and phenyl groups. The difference in the sign
of the magnetic coupling between the AsssAgss and
Bsss-Bgss molecular pair cannot be explained on the basis of
the shortest interatomic contact alone, since each molecular
pair has a shortest contact between the NO group and C(4) of
the phenyl group (para position). The above-mentioned differ-
ence is attributed to the difference in the molecular packing of
the trifluorophenyl groups between AsssAgse and BsssBess.
As described in previous section of crystal structure, the meta C
atom of Asss lies immediately above the one of Agse
(Figure 2¢), whereas the para C atom of Bsss lies above the
ortho C atom of Bgss (Figure 2d). The molecular overlap
between the trifluorophenyl groups in AsssAgse may lead to
antiferromagnetic interactions which surpasses the contribution
of the ferromagnetic interactions resulting from the O(1)--C(4)
contact (contact between the NO and phenyl groups). As a
result, the antiferromagnetic coupling in the AsssAgsg MO-
lecular pair is in the range 0 > 2/, /kg > —3.4K. We cannot
judge the sign of the magnetic interactions resulting from
the molecular overlap between the trifluorophenyl groups in
BsssBgss. The ferromagnetic coupling (2J,/kg =21K) in
Bsss-Bgss is mainly due to the ferromagnetic contribution by
the C(4)--O(2) contact (contact between the NO and phenyl
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groups). This is the first experimental evidence of the
significant role played by the molecular overlap between the
phenyl groups in magnetic exchange coupling. The present
results may shed light on the interchain magnetic coupling in
the crystals of FsPNN.7 There are experimental and theoretical
reports on the change in the sign of the magnetic coupling
caused by the replacement of a hydrogen atom on the phenyl
ring with a halogen atom.'® Further experimental and theoret-
ical studies must be carried out on series compounds of
fluorinated phenyl nitronyl nitroxide to elucidate the magneto—
structural correlation in the case of phenyl groups. We have
been examining the crystal structure and magnetic properties of
a series of fluorinated phenyl nitronyl nitroxide derivatives in
order to clarify the molecular packing that is responsible for the
magnetic coupling in these compounds.

Conclusion

The crystal structure and magnetic properties of a new
organic radical 2,3,6-F;PNN have been investigated. A peculiar
phenomenon observed in the case of this radical is the
stationary behavior in M and X,T in a given temperature
range. Complementary analysis of x,7 and M reveal the
formation of magnetic clusters in this compound. Analysis of
the magnetization curve is an efficient method of elucidating
the magnetic model. In the ground state, two different species
with § =1 and S = 0 are formed, where two S = 1/2 spins are
coupled (2J,/kg = 16K and 2J,/kg = —23 K, respectively).
These two exchange couplings are attributed to the formation
of special molecular pairs in which there are contacts between
the NO groups and trifluorophenyl groups or between the NO
groups, respectively. The 2,3,6-F;PNN crystals also show
another molecular pair in which there are the contacts between
the NO and trifluorophenyl groups: the exchange coupling in
this case is 0 > 2., /kg > —3.4K, as decided from the analysis
of the magnetic properties. The difference in the sign of the
magnetic exchange coupling between J; and J,’ is attributed to
the difference in the molecular packing of the trifluorophenyl
groups. This is the first evidence for the important role played
by the relative arrangement of the phenyl groups among phenyl
nitronyl nitroxide derivatives in the observed magnetic inter-
actions.
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